ABSTRACT We report two new force fields for molecular dynamica simulations of poly(viny1idene fluoride), PVDF. The first, MSXX, was obtained with Hartree-Fock calculations of 1,1,1,3,3-pentafluorobutane plus experimental frequencies of the form I, crystal. The second, the covalent shell model (MSXXS), waa developed to also account for polarization. These force fields were used to predict structure and properties of nine stable structures of poly(viny1idene fluoride) crystals including the four experimentally observed forma plus a fifth crystal form suggested by Lovinger. In each case we used the force field to establish that the structure is mechanically stable and to predict cell parameters, elastic constants, dielectric constants, and piezoelectric constants.
I. Introduction
Poly(viny1dene fluoride) (PVDF) polymer (1) has piezoelectric and mechanical properties that make it technologically interesting. Thus, applying a voltage across a PH2LCFi 1 block of the material causes a strain, and applying a stress induces a voltage. In addition, PVDF exhibits four wellstudied crystal forms (I-IV), with piezoelectric properties observed in two (I and IV). Thus, this material serves as a good test for molecular simulations since one must account for both the stability and nearly equal cohesive energies of several forms in addition to the mechanical and electrical properties.
In section I1 we develop two force fields (MSXX and MSXXS) for PVDF based on a combination of first principle quantum chemical (QC) calculations and experimental phonon frequencies of form I. Both force fields include the cross terms required for accurate vibrational (phonon) frequencies. MSXXS also includes the covalent shell model for describing polarizabilities. We do not readjust the force field (FF) parameters to fit observed crystalline properties (structure, elastic constants). Thus, the accuracy in predicting known properties can be used to assess the accuracy for prediction of unknown structures and properties.
These force fields are used to study the stabilities and properties of four observed forms of PVDF plus five additional forms which we find to be stable (including the antipolar form of I11 suggested by Lovinger'). The calculated properties include elastic constants (Ci,), piezoelectric moduli (&) , and the dielectric constant tensor
Force Field
The force fields used in this paper are from first principle quantum mechanical calculations (although adjustments were made for the experimental frequencies of form I).
In developing the force fields for PVDF polymers, we first developed the MSXX force field for the 2,2-difluoropropane (C3HsF2) molecule (where experimental fre- calculations. We then modified this force field to fit the experimental structure and vibrational frequencies of the form I crystal. The torsional potentiale are particularly important for PVDF since the various different crystalline forms have varying combinations of gauche and trans conformations. For this reason the torsional potential curves were obtained from accurate ab initio HartreeFock calculations for the 1,1,1,3,3-pentafluorobutane (CrH85) molecule (2). In addition, the atomic charges were obtained from the Hartree-Fock calculations on 2 by fitting the long-range electrostatic field (potentialderived charges).
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In order to account for changes in polarization due to applications of stress or electric fields, we modified the MSXX force field by including a covalent shell model (MSXXS) in which each atom is described in terms of two particles: the core (or nucleus) plus the shell (or effective valence electrons) as indicated in (1) . The MSXXS contains new parameters describing the atomic polarizability which we also determine from ab initio HartreeFock calculations.
We developed two independent sets of force field parameters for this polymer. The first set, MSXX, includes (i) valence interactions, such as the diagonal bond, angle, and torsion terms plus angle-stretch, stretchstretch, one-center angle-angle, and two-center angleangle cross terms; (ii) partial charges from HF wave functions of C~H S F~ A. MSXX. Previously2 we reported the MSXX force field for polyethylene derived from the Hessian biased force field (HBFF) from ab initio HF calculations of n-butane (CH3CH2CH2CH3). With HBFF, the errors in the predicted HF frequencies are corrected using experimental values, but the character (eigenfunctions) of the vibrational modes comes from theory. Assuming the valence parameters from n-butane apply to polyethylene, we calculated the structure, elastic constants, and vibrations of the polyethylene crystal. Here we found2 excellent predictions for mechanical properties such as Young's modulus (within 3 % of experiment) and phonon frequencies. To obtain all valence parameters needed for PVDF would require ab initio HF calculation on 3. However, Poly(viny1idene fluoride) Crystals 7269 Table I Predicted Partial Charges for C4H& (2) All quantum mechanical calculations were at the Hartree-Fock (HF) level using the 6-31G** basis set4 (valence double { plus d polarization functions on C and F plus p polarization functions on H). a. Charges. Partial atomic chargesSa for the various atoms were obtained using the PS-Q programsb to calculate the (electrostatic) potential-derived charges (PDQ) for the Hartree-Fock wave function of the C~HSFS molecule (2). In this method, the charge density from the Hartree-Fock wave function is used to calculate the electrostatic potential at several thousand pointsoutside the van der Waals (vdW) radii of the molecule and then atom-centered charges are optimized to fit this electrostatic potential function. In Table I we compare the charges from Mulliien populations and from charge equilibration (QEq) calculations6 with the PDQ for both the trans and gauche forms of 2. Here we see that the PDQ are very similar for the gauche and trans forms (rms difference of 0.015e). On the basis of these results, we selected the following charges (le(, the charge of an electron) to be used for all calculations on PVDF (where CH and CF indicate the carbon bonded to H and F, respectively) .
b. van der Waals Parameters. For carbon and hydrogen we used the van der Waals parameters previously determined from fitting lattice parameters, elastic constants, lattice phonons, and cohesive energies of the polyethylene crystal2 and graphite crystal.' For the fluorine parameters, we use the parameters derived for CF4 and poly(tetrafluoroethy1ene) crystalss (we could not find sufficient experimental data for fluorinated hydrocarbons of all four observed crystal forms of PVDF (vide infra) suggests that these vdW parameters are reasonably accurate. c. Torsional Potentials. Since we are interested in describing crystal forms with varying amounts of trans and gauche conformations, it is necessary to accurately describe the torsional potential of the chain, including both the trans and the gauche conformations. To do this, we used HF (6-31G** basis) to obtain the torsional potential curve for CIHSFS (2). In these calculations, the central C-C bond was rigidly rotated from the optimized structure at the trans geometry and the energy calculated at 30° increments (the energies are given in Table 11 ).
Using the charges and van der Waals parameters described above, we subtracted the electrostatic and van der Waals contributions to obtain the residual torsional potential. We also subtracted the torsional energy arising from F-C-C-H, F-C-C-C, and H-C-C-C terms, which were adjusted to fit experimental frequencies (see below). The Fourier transform {Cm) of this residual torsional potential is given in Table 111 , along with an alternative form in terms of the potential barriers (Vm) for each periodicity (this is the form used in Biograf/Polygraf). The simulations used the first six terms ( m = 1, ..., 6) of this potential for the C-C-C-C torsional term. This fitted torsion curve is compared to the HF curve in Figure 1 All energies are in kilocalories per mole unless otherwise noted. Total energies of the trans form. All torsion energies except for the C-C-C-C term. Values used to fit C-C-C-C torsion. e Electrostatic. f Including shell polarization energies. eters to fit the vibrational frequencies of the form I crystal. In this fit we excluded the lattice modes since they are dominated by vdW and electrostatic terms which are not being readjusted. The valence terms used are the following.
(i) Morse bond stretch
The bond distance (Rb) and force constant ( k~) are optimized, and the bond energy (Db) is fixed (based on average bond energies). Here Eb(Rb) = 0.
(ii) cosine angle bend c = k$(sin eal2 (4) ea is the equilibrium angle, and ke is the force constant. The cis conformation hae 4 = Oo.
to k are included and normalized by the number of terms.
Thus, for PVDF each C-C central pair lea& to nine toreion terms (four FCCH, two FCCC, two CCCH, and one CCCC) which are added and normalized by dividing by 9.
(iv) angle-atretch cross terms CF is used to specify the carbon in the CFz group to distinguish two kinds of C C -C terms.
where p = R/Rv, A = 6/(tV -6), and B = fv/(fV -6). addition to (811.
(vii) two-center angleangle terms Fi:jk:l = k,,,/(sin e, sin 8,)
Equation 9 is used if atom i is bonded to j , j is bonded to k, and k is bonded to 1. 8 is (ijk), 8 is Gkl), and $J is the torsional angle of i j and kl about bond j k . As with torsions all i and 1 for a given j k are included.
The van der Waala parameters and charges were fixed during optimization of the valence parameters. The FFOPT programg [utilizing the singular value decomposition (SVD) methodology] was used to optimize the phonon frequencies while retaining zero stress and zero forces (ensuring that the structure remains optimum). The final force field parameters are shown in 
B. MSXXS: The Covalent Shell Model (CSM).
In molecular dynamics simulations of organic molecules and polymers, the atomic charges representing the electroetatic properties of the molecule are usually fixed. But such fixed charges cannot describe the polarizability of a molecule since most of the polarizability effecta come from the displacement of electronic clouds. Such polarization effects are expected to be important for the vibrational modes and even more important for the piezoelectric properties. Consequently we have extended the shell model (which has 6uccessfully accounted for polarization effecte in ionic cryetalalO) for use in covalent molecules. In the shell model, each atom is represented by two charged points (shell and core) connected by an isotropic harmonic spring:
where 6R is the distance between the shell and core. Thus, all dipole interactions from shell polarizations are included while 1-2 and 1-3 exclusions are dealt with in the normal fashion." We find that this convention leads to similar valence parameters for the MSXX and MSXXS force fields.
The vdW parameters of the shells were taken as zero, so that the core atoms carry all vdW interactions. c. Calculation of the Shell Parameters. The shell polarizabilities, a i , for hydrogen, carbon, and fluorine were determined from Hartree-Fock calculation^.^ We calculated polarizabilities of fluoromethane (CFH3) and found that HE calculations using a basis set with extra polarization functions (DZ95(3d,2p)) gave reasonably good polarizabilities.12 For 2,2-difluoropropane (4) we obtained the polarizability tensors in Table VI. Using the results for the DZ(3d,2p) basis and assuming shell charges of 2 = 1 on all atoms, we find optimum shell polarizabilities of
which describe the molecular polarizability to within about This was done iteratively since the displacement of the shell is dependent on the charges of the other centers. We started with the net atomic charges of MSXX, and the shell positions were optimized (with Polygraf) using fixed core positions. Then PS-Q was used to subtract the electrostatic potential arising from the induced dipoles from the total Hartree-Fock potential and then to fit new atomic charges (Qi) to this residual electrostatic potential. These charges were in turn used to obtain new shell positions (Polygraf), etc. For C~HSFS we found three iterations to be sufficient for determining the charges to better than 0.01e. Figure 2 shows the net atomic charges of C4H5F5 before and after the fitting. Dipole moments from HF and PS-Q are also shown. With or without CSM, agreement between HF and PS-Q is good. From these results we assigned the charges as QCH = 4.45 Q H = 0.16 for all MSXXS calculations on PVDF.
e. van der Waals Parameters. For MSXXS we take the van der Waals parameters to be the same as in MSXX with no vdW interactions involving the shells.
f. Torsion Parameters. Since the electrostatic interactions are different for MSXX and MSXXS, we recalculated the electrostatic energy for C~H S F~ using CSM (see Table 11 ) (allowing optimized shell positions for each conformation). These results were used to determine a new torsional potential curve (Table 11) and new Fourier components ( Table 111 ). The final fit is shown in Figure   1 . i. Other Approaches. Previous approaches to accounting for atomic polarizability involved using polarizable centers. Thus, Applequist13 developed an atomdipole interaction model to calculate the optical propertiea of the molecules, and Boyd and Kesner14 introduced a polarization-mutual induction model to represent inductive effects of the molecules. These approaches lead to errors of 2.2% and 5.8% for describing average polarizabilities of halomethane molecules, about the same as CSM.
Crystal Calculations
Table VIIsummarizes various characteristics of the four observed structures of PVDF plus the five other stable structures that we studied. All nine of these structures are stable (positive definite elastic constant tensor and all phonon frequencies positive). The three common notations for the four observed structures are {I,II,III,IV], (B,a,6,yj, or {1,11,111,11,] . In order to simplify reference to all 10 forms, we believe that the best notation would be T, TG, and T3G (in place of I, 11, and III) to indicate the conformation of the chain, followed by subscripts p and a to indicate parallel or antiparallel orientation of the chains (about the chain axis), followed by subscripts u and d to indicate up-up or up-down relative directions of adjacent chains. A less severe change from current notation (and the one we will use in this paper) is to w e I, 11, and I11 to indicate conformation [T, TG, and TaG] followed by the same subscripts. Thus, for the four observed structures, I becomes I , (or T,), I1 becomes ILd (or TGad), I11 becomes III,, (or T3GP, ) , and IV becomes I I g (or TGg). Form I1 normally has a statistical distribution of up-up and up-down, so that I1 becomes 11, while IV becomes 11,. All nine forms are shown in Figure 3 , and the structural parameters (calculated and observed) are in Table VIII . We did not calculate the antipolar form, I , , of the all-trans form, I , .
Observations about the four experimentally characterized crystal forms of PVDF are as follows.
Form I (B form) has a planar-zigzag type of conformation (all trans), with two chains in the unit cell.16 These chains are aligned in the direction parallel to the b axis, leading to a polar crystal (piezoelectricity). For this case up-up and up-down are the same so that it is denoted as I , (or Form I1 (a. form) has the TGTG molecular conformation with two chains in the unit cell. These chains are aligned antiparallel (nonpolar) in a direction perpendicular to the chains. The experimental structure is interpretedI6 in terms of a statistical average over the up-up and up-down orientations. Thus, we use 11. ( c"% 1.20 no no a Piezoelectric modulus connecting a change of polarization in the direction perpendicular to the chain with a tension stress in that direction. Form I11 (y form) has a molecular conformation'J' of T3GT& with two chains packed in the unit cell. These chains are aligned parallel (polar) in the direction perpendicular to the chains. Thus, we denote this as III, , (or T3GPu) . The existence of an antipolar analogue IIIau (or T3G3 of this form was suggested by Lovinger' (sometimes denoted V). Form IV (6 or 11, form) has the same molecular conformation as form 11, but the two chains of the cell are aligned in a polar fashion in a direction perpendicular to the chains.18 The chains are observed to have a statistical up-down packing.18 Thus, for the statistical case we denote this as 11, (or TG, ) .
The MSXX and MSXXS force fields were first used to optimizela the atomic coordinates using the fixed experimental cell parameters for all forms. The energy, elastic constants, dielectric constants, and piezoelectric constants were then calculated from analytical second derivatives by using the formula derived by Born and Huang.20 Then we allowed cell deformations and reoptimized the cell parameters and internal coordinates. In all the calculations (including parameter fitting), nonbond interactions were calculated using the ABCA methodz1 (based on Ewald procedures), with an accuracy of 0.1 kcal/mol for both Coulomb and van der Waals terms.
IV. Energy and Cell Parameters
The energy and optimized cell parameters for the four experimental forms are shown in Table IX . Each single polymer chain for conformations I1 and I11 has net dipole components in both the chain direction and in a direction perpendicular to the chain. In the crystals, it is generally assumed that the experimental samples have statistically1B-18 disordered orientations of the dipoles along the chain direction. For our calculations, we used the perfectly aligned chains allowed by the space group symmetry (IIad, IId, IIIpu), Calculations assuming other chain alignments in the unit cell were also performed with the results in section VII. 
.
A- Figure 3 . Crystal packing of the nine stable crystal forms for PMF.
Table IX also includes the zero-point energies and free energies at 300 K (calculated by using the quasi harmonic approximationz0) for these five forms. In these calculations, the (core) phonon frequencies are calculated at uniformly-spaced wave vectors in the Brillouin zone, and these are used to calculate zero-point energies and free energies utilizing the quantum partition functions for harmonic oscillators. The number of wave vectors used is loo0 (10 X 10 X 10) for MSXX and 125 (5 X 5 X 5) for MSXXS.
For both force fields, MSXX and MSXXS, we find that the differences in total energy and free energy at 300 K of these four forms are quite small (within 1 kcallmol per monomer unit). This is encouraging because we would expect that experimentally observable forms should be within 1 kcal/mol. These results suggest that the vdW, Q, and torsional potentials are accurate. It is interesting that forms 1I.d and I I d have almost the same electrostatic energy although the chain alignment is different. The vdwenergyseemstodominate thedeterminationofwhich form is stable.
Optimized cell parameters are shown inTableVIII. The rms difference between the calculations and the ex eri ment is 0.14 A for cell lengths for MSXX and 0.17 1 fo;
MSXXS. The cell angles are all 90" except for ( 3 in forms IIad and III,.. The differences between the calculations and the experiment of this angle are about 2' for form 1I. d and about 4 O for form 111, . One reason for differences is that the calculations correspond to the values at 0 K, but the experiments were usually at room temperature.
V. New Crystal Form
Lovinger suggested' thatanantipolaranalcgue (denoted 111, or V) of the form 111,. crystal might exist. We examined this possibility by optimizing the structure by startingwithformIII,,rotatingonechainaboutthechain axisby 180° (toalign thesechainsintheantipolarfashion), and then optimizing atom positions and cell parameters. The energy of this form is comparable to other forms (see Table IX ).
Theelastic-stiffnesstensor (C;j) showsthatthisisastable form. These calculations support the stability of the Lovinger form. The cell is orthorhombic, and the space group is Pca2' (C;,). Figure 4 shows the end view and the side view of the structure.
VI. Elastic, Dielectric, and Piezoelectric
Properties Elastic, dielectric, and piezoelectric properties were calculated for all forms using analytic second derivatives of energyat theoptimized structures.M In particular, these calculations include long-range Coulomb interaetionn using 
Constants ( ABCA/Ewald procedures.*' In crystals with charged centers, the macroscopic field inside a crystal depends on the shape and surface states of the crystal. However, the Ewald method gives unique properties for any given cell parameters and coordinates of atoms. This is because the Ewald method assumes a perfect periodic system with no surface charges or surface dipoles so that the electric field and potential inside the crystal are periodic functions. Physically, the Ewald method gives the properties of the crystal for the case where the crystal is an infinitely large sphere immersed in a conducting medium.22
where eJ are components of strain and 01 are Components of stress (repeated indices are summed, Einstein convention). Here I, J = 1,2, ..., 6 denotes x x , yy. zz, y z , zx, and xy, respectively. The bulk modulus ((3) is defined by and Young's modulus in the chain direction is defined hy
where e, and o, are strain and stress in the chain direction. Table X shows the calculated values for all five forms. On the hasis of E,, the strength of these crystal is in the
The MSXXS with its inclusion of shell polarization effects leads to a decrease in the elastic constants by about 10%. These changes arise from changes in the valence parameters for MSXXS.
The experimental Young modulus of the form I, crystal in the chain direction quoted in ref 23 is 177 GPa. In this experiment, stress is applied along the chaindirection and a shift of the characteristic X-ray diffraction spots associated with periodic structures in the polymer is observed. The elastic modulus is then calculated under the assumption of homogeneousstress. This value ismuch smaller than our calculated value of 283 GPa. We believe that the discrepancy is caused mainly by the difficulty in extracting the properties of a pure crystal from samples which have a mixture of the crystalline and amorphous regions. Similar results were found for polyethylene where the X-ray methods led to E, = 235 GPa whereas neutron 
MSXXS
Calculations were carried out using the experimental cell parameters (exptl) and the optimized cell parameters (opt).
inelastic scattering, Raman, and theory all lead to 322 f 9 GPa. Including both strain and electric field as independent variables leads to the relations (19a) (19b) where & is the external electric field and I) is the dielectric polarization. Here g is the piezoelectric constant tensorz0 and a is the dielectric susceptibility tensor at constant strain. Alternatively, considering both stress and electric field as independent variables leads to where d is the piezoelectric modulus tensor and b is the dielectric susceptibility tensor at constant stress. These are related byzo (21) The a and b tensors are used to calculate the dielectric constant tensors at constant strain (ee = 1 + 47ra) and at constant stress (eu = 1 + 4rb). The difference between the dielectric tensor at constant stress and that at constant strain is given by It is well known that dielectric constants depend on frequency. At zero frequency, both the core and shell respond to an electric field. On the other hand, at infinite frequency, only the shell can respond to an electric field. Therefore, we calculate the dielectric constant at zero (w Here, Dd is the inverse of Hessian of all centers and the sum is over all centers (see (13)). Deheu is the inverse of
Hessian of shells at fixed core positions and the sum is over shells. q m is the charge of a center m, and Q is the volume of the cell. For the MSXX force field, fije(a=m) = bij. Table XI shows ee and c" for all the forms and both force fields at zero and infinite frequencies. For form I, the axes are transformed such that the orientation is the same one used in the experiments (axis 1 is parallel to chain direction c, axis 2 is parallel to a, and axis 3 is parallel to b and the polarization direction). As expected MSXXS has a dramatic effect. The experimental determination of the properties for the crystalline form is quite difficult since the dielectric constant of the amorphous region is quite large and depends strongly on temperature and frequency. Measurements using the oriented films of the form I crystal2* give €3 = 3.6 (-106 O C , 0.065 MHz), 3.7 (-100 O C , 0.049 MHz), and 3.1 (-102 OC, 0.059 MHz) which should be compared with the calculated value of e3'(w=O) = 2.44for MSXXS (t3e(W=O) = 1.95). The calculated value is smaller than experiment, but this may be due to the amorphous regions in the experimental sample. Table XI1 shows the piezoelectric moduli (d) at the experimental cell parameters for all forms (piezoelectric constants (g) can be calculated by using (21)). In form I,, the axes are transformed as in the dielectric constants for comparison with the experiment. In form IIpd, the a and c axes are interchanged such that these values are compared directly with form Ip (axis 1 is parallel to the chain direction c, axis 2 is parallel to a, and axis 3 is parallel to b, the polarization direction). In form &d, the calculated values of these constants are zero as expected by space group symmetry (not shown in the 30 95 for form I), but the effect is smaller than for dielectric constants.
The experimental valuez3 of d33 of the form I, crystal is -20 i 5 pC/N, which is quite close to the calculated value with the shell model of -18.8 pC/N. Also, the experimental value of d31 is reported to be much smaller than d33, which is consistent with our results, Although the Lovinger form (III,,) has no net polarization in the direction perpendicular to the chain, the piezoelectric moduli are nonzero as shown in Table XI1 (the space-group symmetry allows nonzero values). The calculated values are similar to those of form 111, , except that 111, , has a small value for the shear piezoelectric modulus.
VII. Calculations with Both Chain Alignments
For forms IIad, III,,, and IIIa,, the dipoles along two chains in the unit cell can be aligned in the same direction (up-up) or in the opposite direction (up-down). Using the MSXX force field, we optimized the structure for both chain alignments; see Table VIII . After optimization, the elastic constants were calculated for each structure where we found that each structure is mechanically stable.
For the IIad crystal, the optimized cell of the up-up structure is orthorhombic, and the energy is almost the same as that of the up-down structure. The difference between optimized cell parameters of the up-down structure and the up-up structure is small except for an angle 8. This supports the interpretation of X-ray results that, in the 11, crystal, up chains and down chains are packed statistically.16 Also, it suggests that the 11, crystal with up-up packing could be formed experimentally. In fact, Newman and Scheinbeim= suggested this structure from the sample obtained by poling unoriented form 11, films. Since there is a net dipole moment in the chain direction in the up-up structure, piezoelectric moduli are nonzero in this crystal. These constants were calculated at the experimental cell parameters by using both MSXX and MSXXS (see Table XII ).
For the 111, , crystal, the energy of the up-down structure (IIIpd) is 1.6 kcal/mol higher than that of the up-up structure (IIIp,). This agreement with experiment,17 which finds the up-up structure (with some disorder). For the form IIpd crystal, the energy of the up-up structure is calculated to be within 0.01 kcal/mol of the up-down structure, but the optimized unit cell of the upup structure is monoclinic and the @ cell angle is 104O
(which corresponds to a relative shift of the two chains in the chain direction). Considering the small energy difference between these two structures, it seems to be reasonable to assume the statistical packing of up and down chains in the unit cell in this form, as suggested by Bachmann et al.l8 For the form 111, , crystal, the optimized up-down unit cell is monoclinic with 0 = 120°, and the energy is about 0.7 kcal/mol higher than that of the up-up structure. Since the up-down crystal has inversion symmetry, all piezoelectric constants vanish for this structure. Tashiro et aLZ3 (TKTF) calculated the elastic and the piezoelectric constants of a form I, crystal using a pointcharge model. In the TKTF calculations, the valence parameters and nonbonding parameters were determined by fitting to the experimental vibrational frequencies. The main differences between this study and TKTF are the following: (1) In TKTF the long-range Coulomb interactions are ignored, whereas we include them (using the ABCA/Ewald methodz1). (2) In TKTF, the atomic polarizabilities are not considered, whereas we include them using MSXXS. (3) We considered nine crystalline forms (including five new ones) instead of just I,.
VIII. Comparison with Other Calculations
The elastic-stiffness constants of both calculations are quite similar except that C33 is about 10% smaller in TKTF. For the piezoelectric modulus tensor, the discrepancies are noticeable. For d33 we obtain -18.8 pC/N while TKTF obtain -25.2 and experiment gives -20. Also the sign of d31 is different. For d24 we obtain -16.8 while TKTF obtain-4.28, and a recent measurement of the shear piezoelectric constantsz6 gives a d24 of -38.3 pC/N. From comparing the results between TKTF and MSXX, it appears that the long-range Coulomb interactions do not have a large effect on these properties.
IX. Comparison with Processing Results
In Figure 5 we sketch the relationships between varioue forms and processing conditions (mainly adapted from 
